Abstract-A method for simulating and processing a coherent low probability of intercept (LPI) radar transmitting a continuous wave (CW) polyphase code (i.e. P4-RSNS) in coherent sea clutter and noise is discussed. A design process to achieve the necessary LPI radar range, Doppler, and coherent integration processing gains and associated losses is demonstrated for a 10 dBsm target at a maximum range of 9 km, and shown to have a false alarm rate of 10 -6 and a detection rate of 0.9. The total processing time is around one second.
INTRODUCTION
Maritime surface radar systems play a central role in maintaining a persistent surveillance in the littoral regions. These radar systems must have the capability to autonomously detect, locate and track surface targets in sea clutter and adapt to changing conditions. However, if an adversary can intercept the surface radar transmission using a passive (noncooperative) intercept receiver, he will discover that his platforms are under surveillance [1] . His interception of the radar waveform will then cause him to respond, for example, by maneuvering in a different direction, transmitting an electronic attack on the intercepted radar or even deploying an anti-radiation missile to disable the radar.
Consequently, a key surface radar requirement is to have a low probability of intercept (LPI) by transmitting a waveform with characteristics that make it difficult to passively intercept and exploit. With passive intercept receiver sensitivities approaching -100 dBm, this becomes a significant challenge. The radar's objective is to detect (or see) targets at a range R Rmax that comparatively is longer than the range at which the intercept receiver can intercept the radar transmissions R Imax . That is, the radar's objective is to see and not be seen. Fig. 1 illustrates the concept of a quiet (or LPI) radar by comparing the detection range with the intercept receiver's intercept range. The LPI concept is shown as 1
Imax Rmax R R < [2] .
The radar subsystems that are most relevant to achieving a low probability of intercept (LPI) capability are the transmit antenna and the transmitter. Key antenna characteristics include ultra-low sidelobs, narrow beams and short dwell times. Transmitted waveform characteristics include lowpower, and periodically modulated high duty-cycle (CW) signals. The ability to adaptively manage the output power is also important in order to limit the transmitted energy density to only what is required for target processing. The transmission should also be limited to very short ON times to minimize any intercepted energy. For short range radar systems, atmospheric shielding can be used by choosing the emitter frequency strategically such that atmospheric absorption further limits the transmitted signal.
The radar's periodic modulation on the transmitted CW signal provides a time-bandwidth product or processing gain that is achievable only by coherent compression of the target's return waveform. Digital radar systems use periodic modulation techniques such as polyphase shift keying (PSK) with codes such as the P4 [10] . The covert nature of the modulation is due to the compression code not being available to the passive intercept receiver. In fact, it is this large mismatch in processing gain between the radar and the intercept receiver that provides the radar's LPI advantage.
Polyphase shift keying has recently received a lot of attention for digital radar CW modulation since it can efficiently achieve the LPI characteristics with inherently low sidelobes in the receiver's periodic ambiguity space [3] . The PSK modulation has a code period T that contains a finite number of uniform subcodes N c , each with a different phase value and a subcode period t b . The use of PSK techniques gives two independent design parameters: range resolution and Although PSK modulations are a good choice for CW LPI radar, there are four important limitations. These include (1) most significantly, the unambiguous detection range is limited by the number of subcodes within the code period (2) extending the unambiguous range (increased the number of subcodes) requires a larger range-Doppler correlation processor for code compression, (3) larger bulk memory is required in the signal processor and (4) with a short transmit ON-time the small time-on-target limits the return signal length at the receiver and only a partial set of the PSK phase codes are received. These limitations will result in a significant correlation loss, reduced effective processing gain and thus make the waveform unsuitable for maritime LPI applications.
In this paper, a new CW polyphase modulation radar design is presented that allows a large unambiguous range while minimizing the overall processing necessary to achieve the compression gain required for target detection. The unambiguous range is extended by transmitting a CW waveform with a RSNS-P4 (Robust Symmetrical Number System -P4) polyphase modulation. The RSNS-P4 is used to decompose the correlation operation into a number N of suboperations (RSNS moduli) which are of smaller computational complexity. Each sub-operation only requires a correlation length in accordance with that modulus ( A much larger unambiguous range is achieved after the N different co-prime moduli are used and the results of these smaller correlation sub-operations are recombined. This also leads to minimal compression loss. In addition the combined RSNS phase sequences have an inherent integer Gray code property that makes it particularly attractive for controlling any possible errors in the detected target's range that might occur. We demonstrate the concept using a Swerling-3 target immersed in sea clutter. The minimum detectable input SNR Ri for a maximum detection range sample is used to quantify the range, Doppler and coherent integration necessary for a greatest of (GO) constant false alarm rate (CFAR) with an envelope approximation magnitude detector. A reductionist approach is used to coherently integrate the range Doppler maps prior to GO-CFAR processor. This is followed by unfolding each modular channel prior to the ambiguity resolution. The rangeDoppler map is shown in Fig. 3 .
II. EFFICIENT CW SURFACE RADAR CORRELATION USING RSNS-P4 POLYPHASE MODULATION

A. Overview of CW Surface Radar
A block diagram of the CW surface radar is shown in Fig. 2 . The transmitted (and received) waveform uses a technique recently developed that eliminates the above PSK limitations. The radar system transmits a series of N polyphase CW waveforms to detect and track the targets in range and Doppler. The polyphase waveform covers an unambiguous range extending past the horizon and uses the number theoretic correlation process to minimize the computational complexity in the compression. Fig. 3 shows the CW radar range-Doppler map coordinate details.
B. Robust Symmetrical Number System
The RSNS is a modular system consisting of 2 N ≥ integer sequences with each sequence associated with a coprime modulus i m from the set { } 1 2 , ,..., N m m m [4] , [5] , [6] . The integer values within each modular sequence are generated as
for each an integer k′ such that 0
. To form the Nsequence RSNS, each term above is repeated N times in succession. The integers within one folding period of a sequence are then 
The symmetrical residue h x is then , 1
The N-sequence RSNS is periodic with a fundamental period of 2
is the dynamic range of a residue number system. The RSNS is a number theoretic transform that can extract the maximum amount of information from symmetrical folding waveforms. The sequences X h exhibit an integer gray code property making the RSNS well suited for radar signal processing applications and can benefit from the inherent error detection and correction capability. To use the RSNS, it is necessary to know the greatest length of combined sequences without ambiguities, known as the dynamic range M and its position. Closed form expressions and an efficient algorithm for computing M and its position within the combined set of sequences X h is reported in [7] and [8] .
C. RSNS-P4 Polyphase Modulation
The polyphase P4 modulation steps exhibit a parabolic distribution that is symmetrical. The phase sequence of a P4 signal is given by ( ) ( )
is the subcode index and N c is the number of subcodes or processing gain. The symmetrical P4 phase distribution enables a one-to-one correspondence with an RSNS modulus. The RSNS number theoretic transform of the P4 (RSNS-P4) is developed by exploiting this relationship between the parabolic, symmetrically distributed P4 phase values and the integer values within a RSNS system of coprime moduli. Each symmetrical residue corresponds to the phase of a single subcode within the phase code sequence.
The transmitted RSNS-P4 modulation consists of N transmitted P4 codes in series with each P4 code period corresponding to a RSNS coprime modulus. In this transform, the width of the P4 subcodes is extended by the number of moduli N used in the system. Using the relationship the unambiguous range can be significantly extended beyond a single P4 code period while only requiring minimal-length correlation processing. The resulting sequence of N-tuples exhibits an integer Gray code property and is instrumental in minimizing target detection errors [6] . The RSNS-P4 subcode period is b
The unambiguous range is extended from the number of subcodes within a single code period to the greatest length of combined coprime phase sequences that contain no repeated paired terms. That is, collectively processing 2 N ≥ RSNS-P4 phase code sequences, the new unambiguous target detection range is extended from 2 2
, [10] . From Equations (2) and (5), the phase for the i th channel is 
III. MAXIMUM DETECTION RANGE AND REQUIRED PROCESSING GAIN
The total processing gain needed to extract the targets from the sea clutter is determined from the required GO-CFAR detection SNR. The processing gain from the range compression is determined from the desired range resolution and the maximum unambiguous detection range. The processing gain needed from the Doppler filtering process is determined from the maximum target velocity requirements at the unambiguous range and the processing frame time T s . An additional processing gain is determined from the coherent integration of the range-Doppler maps over Ts. The minimum transmit ON time is determined by considering the smallest number of code periods required to provide the total processing gain needed for target detection. We show that the effectiveness of using fast range and Doppler compression followed by coherent range-Doppler integration mitigates the constructive and destructive interference caused by the overlapping CW returns from the different range bins. Postdetection integration is then provided by an ambiguity resolution process for target declaration.
The ability of the radar to detect targets at the unambiguous range is a function of the radar system parameters. The maximum target detection range R Rmax can be expressed as a function of the system parameters and the radar sensitivity
and SNR Ri is the input signal-to-noise ratio required for detection. The radar maximum detection range, as a function of SNR Ri , is shown in Fig. 5 . Also indicated with the required maximum detection range R Rmax is the resulting SNR Ri . The required SNR for target detection, SNR Rreq is determined by the envelope approximation GO-CFAR false alarm rate and probability of detection for a target of a certain radar cross section and distance and gives the necessary radar processing gain
For CW signal processing, overlapped returns from multiple range bins with proper delay are synchronized and summed using a reductionist approach for M range bins, N i transmissions, and N P4-RSNS channels. For this paper, we use a Swerling 3 and the NRL sea clutter model [11] .
IV. RANGE DOPPLER PROCESSING AND TARGET DETECTION
Range compression is accomplished by multiplying the fast Fourier transform (FFT) of the complex received signal by the FFT of a reference signal with P4-RSNS phase coding and taking the inverse fast Fourier transform (IFFT) of the product [9] . The estimated PG from range compression is ( )
Doppler filtering improves the SNR by coherently integrating the target returns and is used to estimate the target Doppler frequency. Doppler filtering is accomplished by windowing the range compression outputs before the FFT process [9] , [12] . and the number of inputs to each FFT is the number of transmitted code periods M i , which is dependent on the desired Doppler resolution for the radar ∆f, given as ( ) 
The magnitude of the range-Doppler map after coherent integration is estimated by an envelope approximation (EA) detector and is given in Fig. 6 for all three P4-RSNS channels. Note the different range scales for each modulus. Most of the map presents thermal noise, close to zero velocity one can see the clutter return signal decreasing with increasing range. Four targets can be found with correct detected velocities but at ambiguous ranges. Targets that have sufficient velocity separation relative to the clutter will be detected using combined Go-CFAR detection algorithms in frequency and range. To resolve the ambiguous target ranges in  [2] , [10] .
The ambiguity resolution between the three P4-RSNS channels is accomplished by taking the binary GO-CFAR outputs from each range-Doppler bin across all three channels and comparing them via digital AND logic (i.e. 111). The final unambiguous output is overlaid on the unfolded range-Doppler map and included in Fig. 7 . The 10 m 2 targets are successfully detected by the radar.
V. CONCLUSION
A new approach for designing a CW LPI surface search and track radar waveform for use in a maritime environment is presented using a RSNS number theoretic transform of the P4 polyphase modulation. After coherently integrating each return, targets are detected via range, Doppler, and coherent integration processing. Since the P4 can also be used to formulate orthogonal modulations, we suspect the RSNS-P4 can also be used for multiple input multiple output (MIMO) configurations and is the subject of further investigations.
